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SAP102, a Novel Postsynaptic Protein That
Interacts with NMDA Receptor Complexes In Vivo
Bettina M. Mu¨ller,* Ute Kistner,*# Stefan Kindler,†§ close apposition to the plasmalemma (Hirokawa et al.,
1989). Owing to its high avidity for osmium tetroxide,Wook Joon Chung,† Sven Kuhlendahl,†
this region is electron dense and referred to as the post-Steven D. Fenster,† Lit-Fui Lau,‡ Ru¨diger W. Veh,*
synaptic density (PSD) (Palay, 1956). It is thought thatRichard L. Huganir,‡ Eckart D. Gundelfinger,‖
PSDs localize receptors to plasmalemma regions in di-and Craig C. Garner*†
rect apposition to neurotransmitter release sites. While*Center for Molecular Neurobiology
the molecular mechanisms directing the differential tar-University of Hamburg
geting of neurotransmitter receptors to different typesD-20246 Hamburg
of SJs are not yet well understood, a number of cytoskel-Federal Republic of Germany
etal proteins have been identified that may be involved†Neurobiology Research Center
in this process. For example, at neuromuscular junctionsUniversity of Alabama at Birmingham
(NMJs), a 43 kDa protein, called rapsyn, is thought toBirmingham, Alabama 35213-0021
bind acetylcholine receptors and mediates their cluster-‡Department of Neuroscience
ing (for review see Carbonetto and Lindenbaum, 1995).Howard Hughes Medical Institute
Similarly, gephyrin is thought to interact with and clusterJohn Hopkins University School of Medicine
glycine receptors at type 2 inhibitory synapses (KuhseBaltimore, Maryland 21205-2185
et al., 1995).§ Institute for Cellular Biochemistry
Recently, a novel family of structurally related syn-and Clinical Neurobiology
apse-associated proteins (SAPs) has been identified (forUniversity of Hamburg
review see Gomperts, 1996). In the mammalian centralD-22529 Hamburg
nervous system (CNS), SAPs are constituents of theFederal Republic of Germany
cortical cytomatrix at SJs. Two well-characterized mem-‖ Institute for Neurobiology
bers are SAP90 (Kistner et al., 1993) (also known asD-39008 Magdeburg
PSD-95; Cho et al., 1992) and SAP97 (Mu¨ller et al., 1995).Federal Republic of Germany
In the cerebellum, SAP90/PSD-95 was initially detected#Howard Hughes Medical Institute
in presynaptic nerve terminals of symmetric type 2 inhib-and Departments of Cell Biology and Pharmacology
itory synapses (Kistner et al., 1993) and more recentlyYale University School of Medicine
at PSDs of asymmetric type 1 synapses in rat forebrainNew Haven, Connecticut 06510
(Hunt et al., 1996).SAP97 was found inpresynaptic nerve
terminals of asymmetric type 1 synapses as well as
along unmyelinated axons in various rat brain regionsSummary
(Mu¨ller et al., 1995). cDNA clones encoding a third family
member, PSD-93, were described recently (BrenmanSynapse-associated proteins (SAPs) are constituents
et al., 1996). The subcellular distribution of PSD-93 is
of the pre- and postsynaptic submembraneous cyto-
unknown. SAP90/PSD-95, SAP97, and PSD-93 are
matrix. Here, we present SAP102, a novel 102 kDa SAP structurally related to DlgA, the product of the Drosoph-
detected in dendritic shafts and spines of asymmetric ila discs-large(1) lethal tumor suppressor gene dlg (Cho
type 1 synapses. SAP102 is enriched in preparations et al., 1992; Kistner et al., 1993; Mu¨ller et al., 1995; Bren-
of synaptic junctions, where it biochemically behaves man et al., 1996). In the fly, DlgA is essential for the
as a component of the cortical cytoskeleton. Antibod- correct assembly of septate junctions (Woods and Bry-
ies directed against NMDA receptors coimmunopreci- ant, 1991) and NMJs (Lahey et al., 1994). The ability of
pitate SAP102 from rat brain synaptosomes. Recombi- transgenic SAP97 and SAP102 to rescue the mutant
nant proteins containing the carboxy-terminal tail of phenotype at laval NMJs suggests that SAPs play a
NMDA receptor subunit NR2B interact with SAP102 crucial role in the formation of synapses in the mamma-
from rat brain homogenates. All three PDZ domains lian CNS (U. Thomas, B. Phannavong, C. C. G., and
in SAP102 bind the cytoplasmic tail of NR2B in vitro. E. D. G., unpublished data).
These data represent direct evidence that in vivo SAP90/PSD-95, SAP97, PSD-93, and DlgA are mosaic
SAP102 is involved in linking NMDA receptors to the proteins composed of multiple domains (Gomperts,
submembraneous cytomatrix associated with post- 1996). In the amino-terminal part are three 90 amino
synaptic densities at excitatory synapses. acid repeats, termed PDZ domains (Gomperts, 1996).
These are followed by a SRC homology 3 (SH3) domain
Introduction thought to be involved in protein–protein interactions
and a carboxy-terminal region exhibiting sequence simi-
Synaptic junctions (SJs) are highly specialized sites of larity to low molecular weight guanylate kinases (GKs)
cell–cell contact involved in the rapid regulated transfer (Woods and Bryant, 1991; Cho et al., 1992; Kistner et
of information between neurons and their target cells al., 1993; Mu¨ller et al., 1995; Brenman et al., 1996). These
(Fallon and Hall, 1994). Associated with both the pre- GK-like domains in SAPs bind GMP and ATP, but as of
and postsynaptic side of the junctional plasma mem- yet do not exhibit GK activity in vitro (Kistner et al.,
brane is an elaborate submembraneous cytoskeleton 1995). PDZ domains of SAPs are novel protein–protein
(Hirokawa et al., 1989; Landis,1988). At thepostsynaptic binding motifs, interacting with cytoplasmic tail se-
quences (tSXV motifs) of transmembrane proteins (Kimside of SJs, a dense lattice of fine filaments is found in
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et al., 1995; Kornau et al., 1995; Niethammer et al., 1996). leads to the synthesis of at least three SAP102 isoforms
in rat brain. Although several SAP90 and SAP97 mRNAsIn vitro, SAP90/PSD-95 and SAP97 have been shown
to bind modulatory subunits (NR2) and two isoforms of are created by differential splicing of their respective
precursors at similar positions (Lue et al., 1994; C. C. G.,the principal subunit (NR1-3 and NR1-4) of postsynaptic
N-methyl-D-aspartate (NMDA) type glutamate receptors unpublished data), the spliced sequences do not share
any sequence similarity to those in the SAP102 tran-(Kornau et al., 1995; Niethammer et al., 1996) as well as
Shaker-type K1 channels (Kim et al., 1995). In addition, scripts.
PDZ domains of SAP90/PSD-95 and PSD-93 interact
with a similar motifwithin theamino terminus of neuronal Characterization of SAP102-Specific Antibodies
nitric oxide synthase (nNOS) in vitro (Brenman et al., An alignment of the deduced amino acid sequences of
1996). In mutant mice, nNOS lacking a PDZ motif does SAP102, SAP90/PSD-95, SAP97, and PSD-93 revealed
not associate with SAP90/PSD-95 in brain (Brenman et that regions of high homology are flanked by unrelated
al., 1996). sequences. A polyclonal antiserum raised against the
In this study, we describe a novel member of the SAP conserved PDZ1 domain in SAPs recognized at least
family comprising at least three isoforms with apparent eight bands between 80 and 120 kDa on Western blots
molecular weights of about 102 kDa, collectively called of rat brain membranes (Figure 2, lane 1). To distinguish
SAP102. Immunoelectron microscopic (EM) studies of various SAPs, antibodies were raised against their
rat hippocampus utilizing antibodies generated against unique amino-terminal sequences. On Western blots of
unique sequences in SAP102 demonstrate that it is situ-
postnatal day 30 (P30) rat brain membrane fractions,
ated in dendritic spines and at PSDs of type 1 asymmet-
affinity-purified antibodies against SAP90 and SAP97
ric synapses where it exhibits biochemical characteris-
reacted with doublets around 90 kDa and 120 kDa, re-
tics of cortical cytoskeletal proteins. Moreover, SAP102
spectively (Figure 2, lanes 2 and 3). In contrast, a mono-
could be coimmunoprecipitated with NMDA receptor
clonal antibody (MAb-119) (Figure 2, lane 4), as well as
complexes solubilized from rat brain synaptosomes. Re- affinity-purified mouse (m-Ab-119) (Figure 2, lane 5) and
combinant proteins containing the tSXV motif of the rabbit (r-Ab-119) (data not shown) polyclonal antisera
modulatory NMDA receptor subunit NR2B interacted against the first 119 amino acid residues of SAP102
with SAP102 from rat brain homogenates. In addition, recognized primarily two bands at 102 kDa. None of the
all three PDZ domains in SAP102 bound the cytoplasmic three anti-SAP102 antibodies cross-reacted with re-
tail domain of NR2B in vitro. Taken together, these data combinant (data not shown) or rat brain SAP90/PSD-95
suggest that in vivo at excitatory type 1 synapses or SAP97 (Figure 2).
SAP102 links NMDA receptors in the postsynaptic plas-
malemma with the underlying cortical cytoskeleton as-
Postsynaptic Localization of SAP102sociated with PSDs.
The spatial distribution of SAP102 was determined in
sagittal sections of P30 rat brain immunoperoxidase la-
beled with affinity-purified m-Ab-119. SAP102 wasResults
found most prominently in cerebral cortex, hippocam-
pus, cerebellum, and olfactory bulb (Figure 3). No stain-Molecular Characterization of SAP102
Screening a rat cerebellar cDNA library with a fragment ing was observed with preimmune serum (data not
shown) or when m-Ab-119 was coincubated with theencoding the first PDZ domain (PDZ1) of SAP90 (Kistner
et al., 1993), several clones were isolated (Figure 1A) immunogen GST-119 (Figure 3C).
Throughout the hippocampus, a strong immunoreac-that share about 70% nucleotide sequence identity with
SAP90 cDNAs. Nucleotide sequences determined from tivity was detected in cell bodies and molecular layers
(Figure 4A). In semithin sections of the CA1 area (Figureclones 2d3 and 2d11 revealed an open reading frame
encodingan 849 amino acid residue proteinwith a calcu- 4B), cell bodies but not nuclei were stained. In addition,
a punctate immunoreactivity along radially projectinglated molecular weight of 93.5 kDa (Figure 1B). As with
SAP90 and SAP97, the encoded protein is composed dendrites in the stratum radiatum was observed (Figure
4B). At the EM level, an intense staining of distal regionsof five domains: three amino-terminal 90amino acid PDZ
repeats, an SH3 domain, and a region sharing sequence of some dendritic spines and PSDs was detected (Figure
4D). In comparison, the immunoreactivity observed insimilarity with low molecular weight GKs (Figure 1A).
Within the GK-like domain, residues participating in patches along dendritic shafts and in proximal parts of
dendritic spines was weaker (Figure 4C). Although onlyGMP binding are conserved, while those theoretically
involved in ATP binding are absent (see Kistner et al., some postsynaptic elements situated along any given
dendritic shaft were immunostained (Figure 4D), it is not1995). Based on its structural similarity to SAP90 and
SAP97, its presence at SJs as well as its mobility in clear whether this indicates that SAP102 is restricted to
a subset of asymmetric type 1 synapses or is due toSDS–polyacrylamide gels, we refer to this protein as
SAP102. unequal antibody penetration. SAP102 was also de-
tected in dendritic spines and PSDs of asymmetric typeTwo additional sets of cDNA clones possess shorter
coding regions: clone 2d3II lacks 54 nucleotides (700– 1 spiny synapses in the stratum radiatum of the CA3
region (Figure 4E) as well as the hilus (Figure 4F). Glial753) encoding 18 amino acids located amino-terminal
of PDZ1, and clones 2d19a,2d13, and 2d2 lack 42 nucle- cells and presynaptic elements throughout the hippo-
campus remained unlabeled.otides (2218–2259) encoding 14 amino acids situated
between the SH3 and GK domain (Figure 1). These data The spatial distribution of SAP102 was also examined
in cultured hippocampal neurons and compared withindicate that alternative splicing of a precursor RNA
Postsynaptic SAP102 Binds NMDA Receptors
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Figure 1. Primary Structure of SAP102
(A) Composite restriction map and organiza-
tion of cDNA clones encoding SAP102. Within
the coding region (boxed area), nucleotide
sequences encoding the three PDZ repeats,
the SH3, and the GK domain as well as two
alternatively spliced regions (I1 and I2) are
shown. cDNA stretches that do not encode
protein sequences are represented by simple
lines. Restriction sites are designated as fol-
lows: B, BamHI; P, PstI; V, PvuI.
(B) Nucleotide sequence of cDNA clones and
deduced amino acid sequence of SAP102.
The initiation and termination codon of pro-
tein translation are shown in boldface letters.
Underlined are alternatively spliced regions
(fine lines) as well as nucleotides encoding
the three PDZ repeats (bold lines), the SH3
(dashed line), and GK domain (dotted line).
MAP2, a dendrite-specific microtubule-associated pro- rat brain, and P30 heart, muscle, and liver (Figure 5B),
a 5 kb SAP102 mRNA was found only in brain tissue. Intein (MAP),and NMDA receptors by double immunofluo-
rescence microscopy. As for MAP2, SAP102 immunore- cerebral cortex, transcript levels increase during the first
two postnatal weeks, reach a maximum around P15,activity was observed along dendrites. In contrast with
the smooth MAP2 staining, SAP102 immunoreactivity is and decline slightly in mature animals (Figure 5A). In a
developmental Western blot of rat brain homogenatesmore punctate. This patchy distribution along dendrites
is very similar to that of NMDA receptors (data not from P1, P5, P15, P30, and P75 stained with MAb-119,
several bands around 102 kDa were observed (Figureshown). The immunocytochemical staining pattern of
SAP102 is consistent with its primarily postsynaptic lo- 5C). SAP102 levels in rat brain exhibit a similar develop-
mental pattern as the SAP102 mRNA (Figure 5D). Thecalization observed in rat brain (Figure 4).
increase in SAP102 and its mRNA levels parallels that
of newly formed synapses in the developing rat cerebralBrain-Specific SAP102 mRNAs Are Most
Prominent during Synaptogenesis cortex (Blue and Parnavelas, 1983). This developmental
pattern is similar to that observed for synaptic proteinsIn Northern blots of total RNA from P1, P5, P15, P30,
and P75 rat cerebral cortex (Figure 5A), P5 and P30 total such as the a subunit of the Ca21/calmodulin-dependent
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protein kinase II (Sahyoun et al., 1985) and the synaptic
vesicle protein synapsin I (Su¨dhof et al.,1989), indicating
that SAP102 may be involved in synaptogenesis.
Biochemical Characterization of SAP102
at Synaptic Junctions
The association of SAP102 with SJs was investigated
by subcellular fractionation studies of P30 rat brain. On
Western blots of cellular sucrose density fractions incu-
bated with m-Ab-119, SAP102 was detected in synapto-
some fractions but not in microsome, myelin, or mito-
chondria preparations (Figure 5E, lanes 3–6). Comparing
equal protein amounts of lysed synaptosome, synapticFigure 2. Specificity of SAP102 Antibodies
vesicle (SV), and SJ fractions (Figure 5E, lanes 7–9), aShown are Western blots of total membrane fractions from P30 rat
striking enrichment of SAP102 immunoreactivity in thebrain homogenates incubated with the following: lane 1, mouse
polyclonal antibody (PDZ1) generated against the highly conserved SJ preparation was observed. In contrast, the SV protein
first PDZ domain in SAP90; lane 2, an affinity-purified mouse anti- synaptophysin was restricted to synaptosome and SV
body (S90) against the unique amino-terminal 63 residues of SAP90; fractions (Figure 5F).
lane 3, an affinity-purified rabbit antibody (S97) against the unique Potential interactions of SAP102 with other compo-
amino-terminal 163 residues of SAP97; lane 4, a monoclonal antiody
nents of SJs were further investigated by incubating rat(MAb-119) raised against the amino-terminal 119 residues of
brain membrane preparations under different condi-SAP102 (S102); lane 5, an affinity-purified mouse antibody (m-Ab-
tions. SAP102 associated with the crude membrane119) against the unique amino terminus of SAP102. Whereas PDZ1
antibodies recognize approximately eight bands between 70 and fraction was not solubilized with high salt (2 M MgCl2),
120 kDa, antibodies against SAP102 react with a pair of bands high pH (0.1 M Na2CO3 at pH 11.0), zwitterionic deter-
around 102 kDa. gents (2.5% CHAPS), or nonionic detergents (3% NP-
40, 1% Triton X-100) known to release peripheral and
Figure 3. Spatial Distribution of SAP102 in
P30 Rat Brain
Sagittal rat brain sections were immunoper-
oxidase stained with MAb-119 (B) or preim-
mune serum (C), and relevant brain areas
were marked on a schematic representation
(A). SAP102 immunoreactivity was detected
in most neuronal populations of P30 rat brain.
Abbreviations: ac, anterior comissure; Acb,
accumbens; Cb, cerebellum; cc, corpus cal-
losum; Cx, cortex; DH, dorsal horn of the spi-
nal cord; f, fimbria hippocampi; Hbc, haben-
ula; Hi, hippocampus; IC, inferior colliculus;
LH, lateral hypothalamic area; LPO, lateral
preoptic area; LS, lateral septal nucleus; M,
medulla; OB, olfactory bulb; opt, optic chi-
asm; PB, parabrachial nucleus; Pn, pontine
nuclei; SC, superior colliculus; SN, substantia
nigra; Th, thalamus; Tu, olfactory tubercle.
Postsynaptic SAP102 Binds NMDA Receptors
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Figure 4. Postsynaptic Localization of SAP102 in Rat Hippocampus
(A) Sagittal section (25 mm) of P30 rat hippocampus immunoperoxidase stained with affinity-purified m-Ab-119. (B) In a semithin section of
the CA1 region (boxed region in [A]), SAP102 staining is found in pyramidal cell bodies as well as in a punctate pattern along their dendrites
(arrowheads). Nuclei are not stained (arrows). (C and D) Electron micrographs of the CA1 region revealed immunostaining of subregions within
dendritic shafts (d) and dendritic spines (arrows in [C], s in [D]). Note that not all type 1 asymmetric junctions are stained (arrows in [D]). In
the stratum radiatum of the CA3 region (E) and in the hilus (F), dendritic spines and postsynaptic densities are immunoreactive, whereas
presynaptic nerve terminals (star) are unlabeled. Scale bars: (A), 0.3 mm; (B), 60 mm; (C), 1.1 mm; (D), 0.2 mm; (E) and (F), 0.2 mm.
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Figure 5. Tissue Distribution of SAP102
mRNAs and Subcellular Fractionation of
SAP102 from Neuronal Cells
(A and B) Northern blots of 10 mg of total RNA
prepared from P1, P5, P15, P30, and P75 rat
brain cerebral cortex (A, lanes 1–5, respec-
tively), from P5 and P30 total rat brain, and
from P30 rat heart, muscle, and liver (B, lanes
1–5, respectively) were probed with the a-32P-
labeled 1.4 kb PstI–EcoRI fragment from the
unique 39 untranslated region of clone 2d3.
The relative amount of 5.0 kb SAP102 tran-
scripts (arrow) increases during early post-
natal rat brain development and declines
after P15.
(C) Western blot of P1, P5, P15, P30, and
P75 homogenates from cerebral cortex (lanes
1–5, respectively) incubated with a mono-
clonal antibody against SAP102 (MAb-119).
(D) Relative amount (in percent) of SAP102
protein (closed bars) and RNA (stippled bars)
in rat cerebral cortex. Levels were measured
by densiometric scanning of Northern (A) and
Western (C) blots.
(E and F) Western blots of P30 rat brain
membranes fractionated by sucrose density
centrifugation were incubated with either af-
finity-purified m-Ab-119 (E) or an anti-synap-
tophysin antibody (F). Proteins from the high
speed supernatant and the entire membrane
fraction of a rat brain homogenate (E, lanes
1 and 2, respectively; 25 mg each), from mi-
crosome myelin, mitochondria, and synaptosome preparations (E, lanes 3–6, respectively; 25 gmg each) as well as lysed synaptosome, SV,
and SJ fractions (E, lanes 7–9, and F, lanes 1–3, respectively; 2 mg each) were probed. SAP102 is enriched in synaptosome and SJ fractions
and does not copurify with SVs in contrast with synaptophysin.
most integral membrane proteins (Bennett and Gilligan, insoluble PSDs (Carlin et al., 1980). Antibodies directed
against the principal subunit of NMDA receptors, NR1,1993). In contrast, chaotropic agents such as 2% SDS,
6 M guanidinium–HCl (pH 6.7), 8 M urea/1 M glycine (pH were found to immunoprecipitate NR1, NR2B, and
SAP102 from rat brain synaptosomes (Figure 6A). Nei-8.0), and to some extent 1 M Tris and 0.1% Triton X-
100, capable of solubilizing components of the cortical ther NR2B nor SAP102 were precipitated in the absence
of primary antibody (Figure 6A). In addition, SAP102 didmembrane cytoskeleton (Mu¨ller et al., 1995), released
SAP102 from the membrane fraction (data not shown). not copurify with the GluR1 subunit of AMPA receptors
(Figure 6A). Immunoprecipitation of NMDA receptorTaken together, these data suggest that SAP102 is a
structural constituent of the cortical cytoskeleton at complexes was not detected when the NR1 antibody
was preabsorbed with its immunogen (data not shown).asymmetric type 1 SJs.
Preincubation with an irrelevant peptide had no effect
(data not shown). To examine whether the ability ofSAP102 Interacts with NMDA Receptors
The postsynaptic localization of SAP102 in asymmetric SAP102 to coimmunoprecipitate with NR subunits is
due to a reassociation of SDS-solubilized proteins aftertype 1 synapses (see Figure 4) and the ability of other
members of the SAP family to bind ion channels and dilution in 1% Triton, a peptide (500 mg/ml), correspond-
ing to the last 20 amino acid residues of NR2B (pep-neurotransmitter receptors in vitro (Kim et al., 1995;
Kornau et al., 1995; Niethammer et al., 1996) suggest NR2B), was added prior to solubilization. This had no
effect on the ability of SAP102 to copurify with NMDAthat in vivo SAP102 may form a protein complex with
postsynaptic glutamate receptors. Thus, we examined receptor complexes. In contrast, pep-NR2B blocked the
interaction of recombinant SAP102 with a TrcHis–fusionwhether SAP102 could be immunoprecipitated with glu-
tamate receptor complexes from solubilized rat brain protein containing the cytoplasmic tail of NR2B in gel
overlay assays and affinity chromatography (data notsynaptosomes. A prerequisite for the coimmunoprecipi-
tation experiment was to determine conditions under shown). Furthermore boiling of synaptic plasma mem-
branes (SPMs) reduced the amount of SAP102 copurify-which SAP102 and glutamate receptors were solubi-
lized, yet maintained direct protein–protein interactions. ing with NMDA receptor complexes by 90% (data not
shown). Taken together, these data indicate that in vivoNR1 and NR2 subunits as well as SAP102 were found
to be highly soluble in 2% SDS, but virtually insoluble postsynaptic SAP102 and NMDA receptors exist in a
complex.in 2% Triton X-100, 2.5% CHAPS, or RIPA (1% Triton
X-100, 0.2% SDS, 0.5% deoxycholate) (data not shown). Since SAPs have been shown to bind the cytoplasmic
domains of ion channels (Kim et al., 1995; Kornau etThis is consistent with the idea that these proteins are
part of the cytoskeleton associated with Triton X-100 al., 1995), we next examined whether the presence of
Postsynaptic SAP102 Binds NMDA Receptors
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Figure 6. Coimmunoprecipitation of SAP102
with NMDA Receptor Complex
(A) For coimmunoprecipitation, SPMs (250
mg) were incubated with antibodies against
the NR1 subunit (NR1) or the GluR1 subunit
(GluR1). “Control” indicates samples where
no antibody was added. Precipitated proteins
were separated by SDS–PAGE, immunoblot-
ted, and incubated with antibodies against
NR1, NR2B, SAP102 (S102) (MAb-119), or
GluR1. Immunoprecipitation of NMDA recep-
tor complexes was not detected when the
NR1 antibody was preabsorbed with its im-
munogen (data not shown). Preincubation with an irrelevant peptide had no effect on immunoprecipitation (data not shown).
(B) Western blot of adult rat brain proteins recovered after affinity purification with GST (GST) or GST–NR2B-9 (NR2B-9) bound to glutathione–
Sepharose beads. Proteins were separated by SDS–PAGE followed by immunoblotting with MAb-119.
SAP102 in NMDA receptor complexes is mediated via 1993; Kim et al., 1995; Kornau et al., 1995; Mu¨ller et al.,
1995; Brenman et al., 1996; Hunt et al., 1996). In contrastits binding to the tSXV motif in NR2 subunits. This was
accomplished by incubating a glutathione S-transferase with the presynaptic distribution of SAP97 (Mu¨ller et al.,
1995) and the detection of SAP90/PSD-95 at both sides(GST)–fusion protein containing the carboxy-terminal
nine amino acid residues of NR2B (GST–NR2B-9) bound of the SJ (Kistner et al., 1993; Hunt et al., 1996), SAP102
was thus far only found in dendritic processes and neu-to glutathione–agarose beads with rat brain proteins.
Neuronal SAP102 was found to bind GST–NR2B-9 but ronal cell bodies. At the EM level, the staining of hippo-
campal dendrites was attributed to the presence ofnot GST alone (Figure 6B), implying that the in vivo
interaction between SAP102 and NMDA receptors in- SAP102 in dendritic shafts, synaptic spines, and at the
submembraneous cytomatrix associated with PSDs ofvolves the cytoplasmic tail of the modulatory NR2B
subunit. asymmetric type 1 synapses. As for other SAPs, bio-
chemical data suggest that, at SJs, SAP102 is tightlyTo evaluate whether, in NMDA receptor complexes,
SAP102 may interact directlywith receptor subunits, the associated with the cortical cytoskeleton underlying the
junctional plasmalemma (Cho et al., 1992; Kistner et al.,cytoplasmic tSXV sequences of NR2B were tested for
their ability to bind recombinant SAP102 directly. In blot 1993; Mu¨ller et al., 1995). A human homolog of SAP97,
hdlg, interacts via protein 4.1 with the cortical cytoskele-overlays, a biotinylated fusion protein containing the
carboxy-terminal nine amino acids of NR2B (Bio- tal protein spectrin, thereby increasing its affinity for
actin filaments (Lue et al., 1994). Whether the associa-NR2B-9) was incubated with recombinant GST–SAP102
expressed in bacteria. Bio-NR2B-9 was found to bind tion of SAP102 with the postsynaptic cytomatrix also
occurs via a yet to be identified protein 4.1 homologGST–SAP102 fusion protein but not GST alone (Figure
7C), implying a direct interaction between SAP102 and remains to be resolved. Within neuronal cell bodies,
SAP102 is evenly distributed throughout the cytoplasm.NR2B. Regions within SAP102 mediating binding to
NR2B were determined by overlaying individual do- At present, it is not known why the nerve cell soma
contains relatively high levels of SAP102.mains of SAP102 fused to GST with Bio-NR2B-9. Only
fusion proteins containing PDZ2 domains were found Similar to other members of the SAP family, SAP102
is a mosaic protein composed of multiple domains: threeto bind Bio-NR2B-9 (Figure 7C).
To measure the binding affinity of the PDZ2 domain PDZ repeats, an SH3, and a GK-like domain. SH3 do-
mains have been identified in a number of cell signalingin SAP102 for the tSXV motif in NR2B, we employed an
enzyme-linked immunoabsorbent assay (ELISA) (Figure and cytoskeletal proteins. They are known to mediate
interactions between various proteins, directing their7D). Binding was shown to occur with an EC50 of 6 nM.
In contrast with the overlay assay, Bio-NR2B-9 was also subcellular localization and the formation of macro-
molecular complexes (Feller et al., 1994). The bindingfound to interact with the other two PDZ domains. PDZ1
has an EC50 value of 30 nM, and PDZ3 possesses one partners of the SH3 domains in SAPs have not yet
been identified. PDZ domains were recently describedof only 1 mM, demonstrating that PDZ2 exhibits a 3- and
100-fold higher affinity for NR2B–tSXV sequences than as novel sites of protein–protein interaction. In vitro,
PDZ domains of both SAP90/PSD-95 and SAP97 havethe first and third PDZ domain of SAP102, respectively.
Thus, employing the more sensitive ELISA, we were able been shown to interact with carboxy-terminal tSXV se-
quences in Shaker-type voltage-gated K1 channels (Kimto detect these weaker interactions not observed in the
blot overlays. et al., 1995) and modulatory NR2 subunits of NMDA
receptors (Kornau et al., 1995; Niethammer et al., 1996).
It is not yet clear which of these interactions occur inDiscussion
vivo. Essential for the ability of SAPs to interact with
receptors and ion channels in neuronal cells is theirWe have identified several isoforms of a novel member
of the SAP family. These isoforms are collectively re- subcellular codistribution. Both SAP90/PSD-95 and
Shaker-type K1 channels (Kv1.1 and Kv1.2) are foundferred to as one protein, called SAP102. Similar to
SAP90/PSD-95 and SAP97, SAP102 is present in most within presynaptic terminals of basket cells forming a
sheath around the axon hillock of cerebellar Purkinje
Neuron
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cells (Kistner et al., 1993; Kim et al., 1995). Similarly,
SAP97 along unmyelinated axons may serve to anchor
K1 channels in the axonal plasmalemma (Wang et al.,
1993; Mu¨ller et al., 1995). In contrast, NMDA receptors
are predominantly postsynaptic but were also detected
in axons and glutamatergic nerve terminals (for review
see Huntley et al., 1994). Recent studies on SAP90/PSD-
95 imply that in addition to its presynaptic distribution
in cerebellar basket cells (Kistner et al., 1993; Hunt et
al., 1996), SAP90/PSD-95 also associates with the post-
synaptic cytomatrix at forebrain synapses (Hunt et al.,
1996), thus suggesting an in vivo interaction with NMDA
receptors at these SJs. The postsynaptic localization of
SAP102 presented here implies that it interacts with
transmembrane proteins located in the plasmalemma
lining the PSD. Our observation that SAP102 coimmuno-
precipitates with NMDA receptors solubilized from rat
brain synaptosomes represents direct evidence that in
vivo these proteins form a complex at asymmetric type
1 synapses. At present, similar studies have not been
reported for SAP90/PSD-95. The idea that SAP102 and
NMDA receptors form a complex in vivo is supported
by biochemical studies on SAP102 presented here and
on NR2B previously (Moon et al., 1994), the demonstra-
tion that both proteins are constituents of the cytomatrix
at SJs, and our observation that all three PDZ domains
in SAP102 interact directly with the cytoplasmic tail of
NR2B in vitro. Since SAP102does not coimmunoprecipi-
tate with AMPA receptors (GluR1), it appears that
SAP102 does not bind all postsynaptic glutamate recep-
tor subtypes. The significance of this specificity is un-
known. Recently, the recruitment of newly assembled
AMPA receptor complexes into PSDs has been postu-
lated to occur after the induction of long-term potentia-
tion (Liao et al., 1995). Thus, it is possible that the interac-
tion of SAP102 with NMDA receptors serves to anchor
these glutamate receptors solidly at PSDs, while AMPA
receptors cycle between an endosomal and a PSD-
associated plasma membrane state.
Figure 7. The Cytoplasmic Tail Sequences of NR2B Bind All Three While for SAP90/PSD-95 and SAP97, binding to NR2B
PDZ Domains of SAP102 has only been shown to occur via their first two PDZ
(A) Schematic representation of SAP102 specifying the three PDZ domains (Kornau et al., 1995; Niethammer et al., 1996),
repeats as well as the SH3 and the GK domain. Regions of SAP102 our in vitro binding data presented here show that all
and SAP90 that were expressed as GST–fusion proteins and tested
three PDZ domains of SAP102 interact directly with thefor their ability to bind to the carboxy-terminal NR2B sequences in
cytoplasmic tail sequence of the modulatory NR2B sub-an protein overlay assay (C) or an ELISA (D) and are diagrammed.
unit of NMDA receptors. The second PDZ domain inRelative binding affinities are listed on the right. Minus, no binding;
single plus, weak binding; double plus, moderate binding; triple SAP102 was observed to have the highest affinity for
plus, strong binding; ND, not determined. NR2B (EC50 5 6 nM). In addition, the PDZ2 domains(B and C) GST–fusion proteins (1 mg) resolved by SDS–PAGE were
of both SAP102 and SAP90/PSD-95 exhibited similareither stained with Coomassie blue (B) or transferred to a Nitrocellu-
relative binding affinities for tSXV sequences (data notlose membrane (C). Lane 1 corresponds to GST; lanes 2–11 contain
shown), indicating that both SAPs possess comparableGST–fusion proteins to S102, S102-SH3-GK, S102-R3-SH3, S102-
R1-R3, S102-R2-R3, S102-R1-R2, S102-R3, S102-R2, S102-R1, and capabilities to interact with NMDA receptors. Thus, the
S90-R2 diagrammed in (A), respectively. In blot overlays (C), mem- question, which of these interactions take place in vivo,
branes were incubated with Bio-NR2B-9 and binding was evaluated depends primarily on which SAP codistributes with the
with avidin conjugated with horseradish peroxidase. Fusion proteins
receptors in neuronal cells. The fact that all three PDZcontaining PDZ2 from SAP102 or SAP90 were found to interact with
domains in SAP102 bind tSXV sequences may lead toNR2B tail sequences.
(D) Dose-response curves of PDZ1-3 of SAP102 binding for Bio- receptor clustering. This concept is supported by the
NR2B-9. Bio-NR2B-9 was bound at 0.16 mg/well, and GST–fusion finding that SAP90/PSD-95 uses PDZ1 and PDZ2 to
proteins (GST, GST–S102-R1, GST–S102-R2, GST–S102-R3) were interact with K1 channels and induces channel clustering
incubated after being serially diluted (1:3) starting at 5 mM. The data
in transfected COS7 cells (Kim et al., 1995).were fit with the Hill equation (Abs 5 Absmax/1 1 [EC50/[X]]n) using a
In addition to their interaction with tSXV sequences,nonlinear least-square algorithm; Abs 5 absorbance at 405 nm;
PDZ motifs seem to interact with each other. Recently,X 5 GST–S102-R1, GST–S102-R2, or GST–S102-R3. EC50 for PDZ1,
PDZ2, and PDZ3 are 0.029, 0.006, and 1.09 mM, respectively. PDZ domains of SAP90/PSD-95 and PSD-93 were found
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described by the manufacturer (Amersham). The cDNA inserts fromto interact with a similar motif of nNOS in vitro (Brenman
positive l clones were isolated using the in vivo excision methodet al., 1996). The association of nNOS with SAP90/PSD-
(Stratagene) and sequenced using the T7 DNA polymerase system95 in brain is disrupted in mutant mice that possess an
(Pharmacia). Protein and nucleic acid sequences wereanalyzed with
nNOS isoform lacking PDZ sequences. This suggests the DNASTAR program (Madison, WI).
that in vivo SAP90/PSD-95 and nNOS interact via their
PDZ domains. It is not yet clear whether SAP102 inter- RNA Isolation and Northern Blot Analysis
Total RNA was isolated from various tissues by a guanidinium iso-acts with other PDZ containing proteins at PSDs such
thiocyanate procedure (Chomczynski and Sacchi, 1987). Total RNAas SAP90/PSD-95 or nNOS thus directly linking NMDA
(10 mg) separated on 1.2% formaldehyde agarose gels was blottedreceptors to second messenger pathways.
onto GeneScreen plus membrane (New England Nuclear) and hy-
The function of the GK-like domain in SAP102 and bridized with the a-32P-labeled 1.4 kb PstI–EcoRI fragment from
other members of the family remains enigmatic. Al- clone 2d3 as described previously (Kistner et al., 1993).
though it has initially been suggested that multimodular
Construction and Purification of GST–SAP102 Fusion ProteinsSAPs serve as direct links between the submembra-
GST–fusion proteins with specific regions of SAP102 and SAP90neous cytomatrix at SJs and guanine nucleotide–based
were constructed by subcloning cDNA fragments into pGEX-2Tsignaling pathways (Woods and Bryant, 1991; Cho et
(Pharmacia) or a modified pGEX-2T vector (Pharmacia), called
al., 1992; Kistner et al., 1993), it seems unlikely that pGHEB. pGHEB was constructed by replacing the BamHI–EcoRI
SAP102 functions as a kinase. First, as described for polylinker in pGEX-T2 (Pharmacia) with a HindIII–EcoRI–BamHI
SAP90/PSD-95 (Kistner et al., 1995), no GK activity has polylinker. GST–S102 was made by subcloning the EcoRI frag-
ment from clone 2d2 into pGEX-2T, while GST–S102-SH3-GK wasbeen detected in SAP97 or SAP102 in vitro (S. K. and
made by subcloning the PvuII fragment from clone 2d11 into theC. C. G., unpublished data). Second, SAP102 lacks sev-
SmaI site. For PCR cloning, DNA fragments from clone 2d3 anderal amino acids thought to be essential for ATP binding.
KT3 (Kistner et al., 1993) were amplified from 20 ng of plasmid DNANonetheless, the GK domains in SAPs appear to be
and 100 pmol of oligonucleotides for 26 cycles of 1 min at 958C, 1
essential for SAP function, since mutations in the GK min at 508C, and 2 min at 728C. DNA fragments were subcloned
domain of DlgA prevent the correct formation of septate into the HindIII–BamHI sites of the pGHEB vector. Sense primers
contained a HindIII restriction site upstream, and antisense primersjunctions and NMJs in Drosophila (Woods and Bryant,
contained a BamHI restriction site downstream of the complemen-1991; Lahey et al., 1994).
tary bases of the respective rat cDNA sequences. Vectors encodingWhereas SAP102 and SAP90/PSD-95 are brain spe-
GST–SAP fusion proteins contain the following SAP cDNA se-cific (Figure 2) (Kistner et al., 1993), SAP97 was also
quences: GST–S102-R1 (nucleotides 770–1049), GST–S102-R2 (nu-
detected at the lateral membranes between epithelial cleotides 1055–1341), GST–S102-R3 (nucleotides 1541–1799), GST–
cells in a variety of non-neuronal tissues (Mu¨ller et al., S102-R1-R2 (nucleotides 770–1341), GST–S102-R2-R3 (nucleotides
1055–1799), GST–S102-R1-R2-R3 (nucleotides 770–1799), GST–1995). Similarly, in Drosophila, DlgA is found both at
S102-R3-SH3 (nucleotides 1197–2315), GST–S90-R2 (654–933). Fu-septate junctions between epithelial cells of the imaginal
sion proteins between the nine carboxy-terminal amino acid resi-discs and at NMJs (Woods and Bryant, 1991; Lahey et
dues of NR2B and GST (GST–NR2B-9) or a biotinylation signalal., 1994). These observations and the ability of SAP97
sequence (Bio-NR2B-9) were constructed by inserting two oligonu-
and SAP102 to rescue dlg null mutants (U. Thomas, B. cleotides (sense, 59-GATCGAAACTTTCTAGTATTGAGTCTGATGTC
Phannavong, C. C. G., and E. D. G., unpublished data) TGA-39; antisense, 59-GGCCTCGAGCATCAGACTCAATACTAGAAA
GTTTC-39) into the pGEX-T2Nand PinPoint Xa-3 (Promega) plasmidssuggest that SAP-like proteins perform similar roles in
digested with BamHI and NotI. In pGEX-T2N, the BamHI–EcoRIthe formation of distinct sites of cell–cell contact. None-
polylinker in pGEX-T2 (Pharmacia) was replaced for a BamHI–NotI–theless, the existence of a growing family of SAPs in
EcoRI polylinker. Synthesis of recombinant proteins in DH5a cellsrat brain, whose members are differentially targeted to
(Stratagene) was induced by 1 mM isopropyl-b-D-thiogalactopyra-
either thepre- orpostsynaptic side of excitatory or inhib- noside for 3–5 hr at 378C. GST– and biotin–fusion proteins were
itory synapses, implies that SAPs are essential for the purified on glutathione–Sepharose-4B (Pharmacia) or Soft-link avi-
din resin (Promega), respectively, according to the instructions ofability of the brain to assemble multiple types of synaptic
the manufacturer and concentrations determined with the Bio-Radcontacts. Taken together, the observations presented
Protein Assay (Bio-Rad).in this paper suggest that SAP102 is involved in the
assembly of asymmetric type 1 synapses, perhaps by
Preparation and Purification of Antibodies
recruiting NMDA receptors to the submembraneous cy- A cDNA fragment encoding the first 119 amino acid residues of
tomatrix and inducing the formation of macromolecular SAP102 was amplified by PCR and subcloned in pGEX-2T (Phar-
complexes at SJs. macia). The purified GST–S102-119 fusion protein was injected into
mice and rabbits to generate polyclonal antisera (m-Ab-119 and
r-Ab-119, respectively) (Kistner et al., 1993) and monoclonal anti-Experimental Procedures
bodies (MAb-119). The rabbit anti-NR1, anti-NR2B, and anti-GluR1
antibodies were raised against carboxy-terminal peptides (residuescDNA Cloning, Sequencing, and Analysis
919–938, 1463–1482, and 894–907, respectively) (Tingley et al.,Clone 2d3 was isolated from a lZAPII cDNA library prepared from
1993). Polyclonal antibodies were affinity purified as previously de-adult rat cerebellum (provided by O. Pongs) screening with a cDNA
scribed (Kistner et al., 1993).fragment (Sambrook et al., 1989) from the SAP90 clone 2d (Kistner
et al., 1993). Clones 2d2, 2d3II, 2d8, 2d11, 2d19a, and 2d13 were
isolated with the 2d3 cDNA from a fetal and a P7 rat brain lZAPII Protein Preparation and Western Blot Analysis
Cytosolic and membrane proteins were prepared from rat brain ascDNA library (provided by Steve Morley). The cDNA for this latter
library was synthesized from two times oligo(dT)-purified RNA with described by Carlin et al. (1980). Brain membranes were extracted
with 100 mM DTT, 2 M MgCl2, 1% Triton X-100, 3% NP-40, 1%random hexanucleotide primers and the TimeSaver cDNA Synthesis
Kit (Pharmacia), subsequently ligated into EcoRI-digested lZAPII CHAPS, 100 mM Na2CO3 (pH 11.5), 6 M guanidine–HCl, or 1 M Tris,
separated by SDS–polyacrylamide gel electrophoresis (SDS–PAGE),(Stratagene) and packaged with Gigapack II Gold packaging extract
(Stratagene) according to the instructions of the manufacturer. Hy- Western blotted, and immunostained as previously described
(Mu¨ller et al., 1995).bridization of phage bound to Hybond N filters was performed as
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Preparation of Synaptic Plasma Membranes facility for production of SAP102 monoclonal antibodies. This work
was supported by the Federal Government of Germany (BMBF), theand Immunoprecipitation
SPMs were prepared according to the procedure of Blackstone et National Institutes of Health (P50 HD32901), the Howard Hughes
Medical Institute, and the Deutsche Forschungsgemeinschaft (Rial. (1992). For coimmunoprecipitation studies, SPMs (250 mg) were
solubilized in 2% SDS in IP buffer (137 mM NaCl, 2.7 mM KCl, 4.3 192-19-1).
The costs of publication of this article were defrayed in part bymM Na2HPO4•7H2O, 1.4 mM KH2PO4, 5 mM EDTA, 5 mM EGTA, 1 mM
sodium vanadate, 10 mM sodium pyrophosphate, 50 mM NaF,20 U/ the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 USC Section 1734ml Trasylol, 0.1 mM PMSF), diluted with 5 vol of cold 2% Triton
X-100 in IP buffer, and incubated with 5 mg of anti-NR1 antibody, solely to indicate this fact.
5 mg of anti-GluR1 antibody, or 5 mg of preimmune serum and 20
ml of protein A–Sepharose (1:1 slurry) for 2–3 hr at 48C. The reaction Received March 6, 1996; revised June 27, 1996.
mixturewas washed once with 1% Triton X-100, twice with 1%Triton
X-100 plus 500 mM NaCl, and three times with solubilization buffer. References
Proteins were eluted from protein A–Sepharose by SDS sample
buffer and processed for Western blot analysis (Mu¨ller et al., 1995). Bennett, V., and Gilligan, D.M. (1993). The spectrin-based membrane
skeleton and micron-scale organization of the plasma membrane.
Affinity Purification of SAP102 from Rat Brain Annu. Rev. Cell Biol. 9, 27–66.
A 300 ml 50% slurry of glutathione-conjugated beads (Pharmacia)
Blackstone, C.D., Moss, S.J., Martin, L.J., Levey, A.I., Price, D.L.,saturated with GST– and GST–NR2B-9 fusion proteins (z0.75 mg
and Huganir, R.L. (1992). Biochemical characterization and localiza-of bound protein) were incubated with 200 ml of brain homogenate
tion of a non-N-methyl-D-aspartate glutamate receptor in rat brain.(5 mg/ml) for 1 hr at 378C and washed four times with PBS, the
J. Neurochem. 58, 1118–1126.pellet was boiled for 3 min in SDS sample buffer, and bound proteins
were analyzed in a Western blot assay (Mu¨ller et al., 1995). Blue, M.E., and Parnavelas, J.G. (1983). The formation and matura-
tion of synapses in the visual cortex of the rat. II. Quantitative analy-
sis. J. Neurocytol. 12, 697–712.Protein Overlay Assay
Blot overlays were performed as described by McPherson et al. Brenman, J.E., Chao, D.S., Gee, S.H., McGee, A.W., Craven, S.E.,
1994). In brief, nitrocellulose membranes with bound GST– Santillano, D.R., Wu, Z., Huang, F., Xia, H., Peters, M.F., Froehner,
proteins(Schleicher and Schu¨ll) were blocked with 5% normal goat S.C., and Bredt, D.S. (1996). Interaction of nitric oxide synthase
serum in PBS for 1 hr at room temperature, incubated with 3 mg/ with the postsynaptic density protein PSD-95 and a1-syntrophin
ml Bio-NR2B-9 overnight at 48C, washed three times with PBS for mediated by PDZ domains. Cell 84, 757–767.
10 min each at room temperature, incubated with avidin coupled
Carbonetto, S., and Lindenbaum, M. (1995). The basement mem-to horseradish peroxidase (1:1000) (Southern Biotechnology Associ-
brane at the neuromuscular junction: a synaptic mediatrix. Curr.ation) overnight at 48C, and washed three times with PBS for 10
Opin. Neurobiol. 5, 596–605.min eachat room temperature. Bands were visualized as described
Carlin, R.K., Grab, D.J., Cohen, R.S., and Siekevitz, P. (1980). Isola-(Mu¨ller et al., 1995).
tion and characterization of postsynaptic densities from various
brain regions: enrichment of different types of postsynaptic densi-ELISA
ties. J. Cell Biol. 86, 831–845.Bio-NR2B-9 was bound to the wells of a 96-well MaxiSorp immu-
noplate (Nunc) at a concentration of 0.16 mg/100 ml in 125 mM Cho, K.-O., Hunt, C.A., and Kennedy, M.B. (1992). The rat brain
borate, 75 mMNaCl (BBS) at pH 8.5.Plates were incubated overnight postsynaptic density fraction contains a homolog of the Drosophila
at 48C, washed three times in BBS, and blocked with BBS plus discs-large tumor suppressor protein. Neuron 9, 929–942.
1%bovine serum albumin (BSA) for 2 hr at room temperature. After
Chomczynski, P., and Sacchi, N. (1987). Single step method of RNA
washing four times in BBS, serial 1:3 dilutions of purified GST–fusion
isolation by acid guanidinium thiocyanate–phenol–chloroform ex-
proteins in BBS beginning at 2 mg/ml were added in pairs of rows
traction. Anal. Biochem. 162, 156–159.
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goat anti-rabbit conjugated alkaline phosphatase (1:1000) (Jackson Feller, S.M., Ren, R., Hanafusa, H., and Baltimore, D. (1994). SH2
Immuno-Res Lab) for 2 hr at 48C. Plates were washed three times and SH3 domains as molecular adhesives: the interactions of Crk
with BBS, once with substrate buffer (0.1 mM MgCl2, 5% v/v dietha- and Abl. Trends Biochem. Sci. 19, 453–458.
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ported in this paper is U50147.
